Either late autumn this year or latest early next year LHC should have results with 2−3 times the current data which migth give first clues on the couplings of the light narrow resonance. A strategy for measuring deviations from the Standard Model can be based on using the "full" Standard Model, including all available QCD and electroweak higher-order corrections, and supplement it with d = 6 local operators. Their Wilson coefficients are assumed to be small enough that they can be treated at leading order. Examples of the connection of local operators with BSM Lagrangians are presented as well as a discussion of Lagrangians with/without decoupling of heavy degrees of freedom. The whole strategy is critically reviewed in the light of internal consistency.
Introduction
An interesting question is how present and future experiments will be able to probe the couplings of the Higgs boson at a high level of precision, see Ref. [1] for a discussion. There is a wide variety of beyond the Standard Model (BSM) theories where the Higgs couplings differs from the Standard Model (SM) ones by less that 10%, as discussed in Ref. [2] . Among many papers dealing with the subject we quote those in Refs. [3] [4] [5] [6] [7] . For the most recent update on the subject we refer to the work of Refs. [8] [9] [10] . Interim recommendations to explore the coupling structure of a Higgs-like particle can be found in Ref. [11] .
In this work, following Independence Day [12, 13] , we imagine that there is a huge space of theories, represented by local and renormalizable Lagrangians where SM is only one point. A possible strategy to look for deviations from the SM is the following:
• we take the SM as the theory of "light" degrees of freedom, i.e. d = 4 operators
• we simulate the unknown extension of the SM by the most general set of d = 6 operators that are obtained by integrating out the heavy degrees of freedom (we also assume no sensitivity to operators with d ≥ 8 at LHC). This is equivalent to say that the BSM theory is unknown or matching is too difficult to carry out, so we write the most general set of interactions consistent with symmetries. The effective theory contains an infinite number of operators but only a finite number is needed for present (LHC) precision.
With enough statistics it should be possible to fit a i , the Wilson coefficients of the d = 6 operators, and there are two possibilities: a) they are close to zero (where zero = SM) or b) they are not. Option a) tell us that NLO corrections (or the residual theoretical uncertainty at NNLO level) and the a i coefficients are small, and the SM is actually a minimum in our Lagrangian space or very close to it. This will explain nothing but it is internally consistent. Option b) raises serious problems since the effect of local operators is large and they cannot be included only at LO, but inserting operators in SM loops creates even more problems. In case it is option b) we should move in the Lagrangian space and adopt a new renormalizable Lagrangian with the virtue of making zero that specific (large) Wilson coefficient a i ; local operators are then redefined w.r.t. the new Lagrangian. Of course there will be more Lagrangians projecting into the same set of operators but still we could see how our new choice handles the rest of the data.
In principle, there will be a blurred arrow in our space of Lagrangians, and we should simply focus the arrow. Without invoking the explicit example of Supersymmetry this is the so-called inverse problem introduced in Refs. [14, 15] : if LHC finds evidence for physics beyond the SM, how can one determine the underlying theory?
It is worth noting that this question is highly difficult to receive a complete answer at the LHC. The main goal will be to identify the structure of the effective Lagrangian (i.e. the different scalings of the various d = 6 operators) and to derive qualitative information on new physics; the question of the ultraviolet (UV) completion cannot be answered unless there is sensitivity to d > 6 operators. Therefore, we are looking for a relatively modest goal on the road to understand if the effective theory can be UV completed (bottom-up approach with no obvious embedding).
To set up our definitions of an enlarged theory we have to specify the concept of Higgs fields: it is the set of scalar fields that break electroweak symmetry (EW) by developing a vacuum expectation value (VEV). What we are looking for is evidence of SM Higgs properties or deviations from the SM behavior; in the latter case one has to understand consistency with other EW symmetry-breaking frameworks. Alternatively we can consider scenarios with more scalar fields, that are not Higgs fields (Higgs partners); the problem with more VEVs, or one VEV different from (T , Y ) = ( 1 2 , 1) (T is isospin and Y is hypercharge), is partially related to the rho-parameter [16] which at tree-level is given by
where the sum is over all Higgs fields, v i (u i ) gives the VEV of a complex(real) Higgs field with hypercharge Y i and weak-isospin T i . Our considerations will be presented in Section 6.5. The experimental limit on ρ − 1 are rather stringent. For a complete discussion of models respecting custodial symmetry we refer to Ref. [17] .
In this paper we do not discuss questions related to spin, mass or CP quantum numbers but only couplings. In particular we discuss couplings to vector bosons since they control the unitarity behavior of longitudinal VV -scattering at high energy [18] (automatic in the SM). We also discuss the effects of Higgs partners and of Higgs self-couplings in Section 8.
For a better illustration of our approach we observe that a consistent effective theory, defined by
has arbitrary Wilson coefficients a n i which, however, give the leading amplitudes in an exactly unitary Smatrix at energies far below Λ. The theory is non-renormalizable, which means that an infinite number of higher operators must be included. Nevertheless there is a consistent expansion of amplitudes in power of E/Λ. Our goal will be to understand the d = 6 operators as a first step towards an UV completion, possibly a weakly-coupled one i.e. one where weakly-coupled new physics opens up around Λ and restores unitarity (a different scenario, classicalization, has been proposed in Refs. [19, 20] ).
In other words, the question is: can we classify the low-energy (LHC) observables that determine the road to UV completion? Note that there is a claim in the literature [21, 22] that the coefficients a i must be positive to have an UV completion which respects the usual axioms of S -matrix theory. In particular, in the work of Ref. [22] it is shown that UV completion is encoded in the sign of the scattering amplitude for longitudinal vector-bosons and that weakly-coupled UV completion requires a positive sign. Constraints on the sign of the couplings in an effective Higgs Lagrangian using prime principles have been derived in Ref. [23] .
In Section 2, we present the SM Lagrangian, and in Section 3 we introduce the effective Lagrangian. We discuss Higgs vertices in Section 4 and Z vertices in Section 5. Section 6 gives the relevant partial decay widths of the H boson. In Section 7 we list the various H → 4 f decays. Double Higgs production is discussed in Section 8. We discuss perturbative unitarity in Section 9. We give our conclusions in Section 10.
L SM : definitions
In this Section we collect all definitions that are needed to write the SM Lagrangian [24] . The scalar field K (with hypercharge 1/2) is defined by
with g 1 = −s θ /c θ and where τ a are Pauli matrices while s θ (c θ ) is the sine(cosine) of the weak-mixing angle. Furthermore
Here a, b, · · · = 1, . . . , 3. The dual tensor is defined bỹ
Furthermore, for the QCD part we introduce
Here a, b, · · · = 1, . . . , 8 and the f are the SU (3) structure constants. Finally, we introduce fermions,
and their covariant derivatives
The Standard Model Lagrangian is the sum of several terms:
i.e., Yang-Mills, scalar, gauge-fixing, Faddeev-Popov ghosts and fermions. Furthermore, for a proper treatment of the neutral sector of the SM, we introduce a new coupling constant g, defined by the relation
where Γ is fixed by the request that the Z −A transition is zero at p 2 = 0, see Ref. [25] . The scalar Lagrangian is given by
We will work in the β h -scheme [25] , where
Furthermore, we introduce v = √ 2 M/g. and fix β h order-by-order in perturbation theory by requiring < 0 | H | 0 >= 0. 
Simplified effective Lagrangian
Our minimal list of d = 6 operators is based on the work of Refs. [26, 27] and of Refs. [28] [29] [30] [31] (see also Refs. [32, 33] , Ref. [34] , Refs. [35] [36] [37] [38] [39] , Refs. [40] [41] [42] and Ref. [43] ) and is given in Table 1 .
The structure of the d = 6 operators is chosen in such a way that, with β h = 0, no term proportional to 1/g will appear in the Lagrangian (a part from irrelevant constant terms). Operators containingF a µν are CP-odd, the remaining ones are CP-even.
Additional operators not included in Table 1 have been considered in Eq. (4) of Ref. [38] and are given in Table 2 . In certain models their effect can be comparable to the one of O g . However, they do not contribute to the Hqq vertex, as explained in Ref. [38] , because the vector current qγ µ q is conserved. For a complete list of d = 6 operators (other than the four-fermion ones) we refer to Table 2 of Ref. [27] .
For the single-fermionic-current operators we have adopted the (simplified) choice of Ref. [30] , discarding the chromomagnetic dipole moment operator, which affects the process gg → tt; in general it is known how to remove derivatives acting on the spinors using integration-by-parts. For a complete classification we refer again to f . Since we are working with unstable particles, the use of EOM should be taken with due caution; indeed, only S -matrix elements will be the same for equivalent operators but not the Green's functions.
It has been pointed out in Ref. [44] that, even if the S -matrix elements cannot distinguish between two equivalent operators O and O ′ , there is a large quantitative difference whether the underlying theory can generate O ′ or not. It is equally reasonable not to eliminate redundant operators and, eventually, exploit redundancy to check S -matrix elements. If one eliminates them, whenever the Higgs boson is taken on-shell and the full set of d = 6 operators of Ref. [27] is used, the presence of O 1 K is redundant, and one should set a 1 K = 0. Strictly speaking, the last statement only applies to single-Higgs processes; the argument is simple (see Appendix. D of Ref. [44] ), given a theory with a Lagrangian
and to replace φ → φ + g ′ F and F contains terms with several fields, Q.E.D.
The effective Lagrangian of Eq. (15) is one possible way of parametrizing deviations of the Higgs couplings to SM particles; if confirmed, these deviations require new physics models that are the ultraviolet completion of the set of d = 6 operators. However, there are specific assumptions in considering Eq. (15), namely decoupling of heavy degrees of freedom is assumed and absence of mass-mixing of the new heavy scalars with the SM Higgs doublet.
We postpone a more detailed discussion of non-decoupling effects to Section 6.5; here we note that Eq.(15) comprises all heavy physics effects at scales below Λ, and in a decoupling scenario Λ is the mass of the additional, heavy, degree of freedom. A typical non-decoupling scenario is given by the inclusion of a scalar triplet; here higher dimensional operators are not suppressed by inverse powers of the triplet mass. It is considerably more difficult to construct a perfectly sensible low-energy effective theory in the nondecoupling scenario and the construction is model dependent, e.g. it has been shown in Ref. [45] that (in the heavy triplet case) Λ is related to the ratio of the renormalized triplet VEV to the renormalized doublet VEV. Therefore, additional work is needed in handling models showing a non-decoupling behavior, e.g. looking for the presence of alternative large parameters.
Therefore, kinetic and mass terms are SM-like, and the bare ρ parameter is O 1/Λ 2 , by construction.
•
Dyson resummed propagators
Dyson resummed propagators are crucial for discussing several issues, from renormalization to WardSlavnov-Taylor (WST) identities [46] [47] [48] . Consider the W or Z self-energy; in the SM we have
Once d = 6 operators are added the W Dyson resummed propagator remains unchanged, i.e.
while the Z propagator changes as follows:
For the φ propagators we get
with the gauge parameter defined in Eq. (30) . The d = 6 operators are supposed to arise from a local Lagrangian, containing heavy degrees of freedom, once the latter are integrated out. Of course, the correspondence Lagrangians → effective operators is not bijective since many different Lagrangians can give raise to the same operator. Nevertheless these operators are of two different origins [49] :
• T -operators are those that arise from the tree-level exchange of some heavy degree of freedom
• L -operators are those that arise from loops of heavy degrees of freedom.
The L -operators are usually not included in the analysis. The accuracy at which results should be presented is given by
where LO means the first order in perturbation theory where the amplitude receive a contribution. To be precise, if the underlying theory is weakly-coupled operators containing field-strength tensors cannot be 
Insertion of d = 6 operators in loops
The question remains on insertion of d = 6 operators in SM loop diagrams. This is better discussed in terms of a concrete example: consider the Lagrangian [29] 
where S is a heavy (scalar) singlet The interaction is
In the limit M S → ∞ we have
The d = 4 operator in Eq. (43) Imagine we want to compute the H 3 Green function: we analyze the ultraviolet (UV) behavior of the two diagrams in Figure 2 . In the effective theory (left diagram) there is an UV divergence and one option would be to subtract it by introducing counterterms in L d=6 . However, this shows how the insertion of local operators of higher dimensionality in SM diagrams is not really consistent since, in the full theory, the corresponding diagram is not divergent. If we introduce Λ 2 = µ 2 S /m 4 S the diagram behaves like Λ −2 ln Λ, i.e. the divergence is controlled by the heavy mass. From this point of view it is important to stress that one should avoid using a cutoff procedure with the dimensionful parameter Λ. Computing with dimensional regularization gives a different pole structure reflecting the different counterterms in the full and effective theory. This difference is independent of infrared (IR) physics, since both theories have the same IR behavior. As we have seen, there can also be logarithmic dependence on Λ; if these logarithms are included they must be summed.
To give an example we consider again the two diagrams of Figure 2 with s = −(p 1 + p 2 ) 2 . In the effective theory the insertion of O ∂ K (left diagram in Figure 2 ) produces
where n = 4 − ε. Suppose that we use a cut-off regularization, the integral is O (1) for Λ → ∞ but the same is true for all integrals containing the insertion of O n ∂ K operators; therefore, all these diagrams are of the same order and cannot be neglected. In dimensional regularization (DR) we obtain
where 1/ε = 2/(4 − n) − γ − ln π and µ R is the renormalization scale. In principle, we could add counterterms (in theMS scheme) to remove the UV pole and make a choice for the scale, µ R , which minimizes the remaining logarithms in the UV finite part. After subtracting the UV pole we can say that the insertion of a d = 6 operator produces a result
The insertion of a d = 8 operator, always working in dimensional regularization, gives
etc. Note that, with cutoff regularization, both integrals would be of O(1). Note that in a mass-independent scheme like MS the conditions for the decoupling theorem are not satisfied. Furthermore, the logarithms of the renornalization mass may become large. In principle, the problem can be solved but the solution requires matching conditions (for a discussion see Ref. [51] ). With the full theory at our disposal we compute
Working (for simplicity) with M 2 H ≪ s ≪ M 2 S we obtain
We can identify Λ = M 2 S /µ S , expand in s/M 2 S , and obtain
The first term in I full reproduces the d = 4 operator of Eq. (43) while the second term corresponds to the
There is no UV divergence in I full and the logarithm is uniquely fixed.
An alternative way to understand the two different approaches is the following: we start from Eq.(48) and expand in the integrand
which is equivalent to inserting d ≥ 4 operators or introduce Feynman parameters:
use a Mellin-Barnes representation, and expand as follows (M S → ∞):
Here B(x, y) is the Euler beta-function. Using the well know Laurent and Taylor expansions of the Euler gamma-function we obtain the result summing over the poles at s = −n:
The result is manifestly UV finite, term-by-term, and has the correct structure of logarithms.
Admissible operators
Missing a candidate for the BSM Lagrangian, we will not deal with renormalization of composite operators; therefore, we will not include local operators in loops. To be more precise we will use the following set of rules:
1. operators altering the UV power-counting of a SM diagram are non-admissible 2. operators that do not change the UV power-counting are admissible only in a very specific case: we say that a set of SM diagrams is UV-scalable w.r.t. a combination of d = 6 operators if
• their sum is UV finite
• all diagrams in the set are scaled by the same combination of d = 6 operators.
To explain with one specific example, let us consider the HWW vertex with off-shell lines and no wavefunction factor inserted:
with In the one-loop (bosonic) amplitude for H → γγ there are three different contribution, a W -loop, a charged φ -loop and a mixed W − φ loop. We find
It is straightforward to conclude that the SM one-loop, bosonic, amplitude for H → γγ with on-shell Higgs line is UV-scalable w.r.t. the combination
which could be admissible. However, in the one-loop amplitude we also have FP-ghost loops with vertices (see Eq. (201))
Therefore the bosonic component is only UV-scalable w.r.t. the combination
Similarly, we consider the γWW, γWφ, γφφ and γX ± X ± vertices, which also appear in the one-loop bosonic amplitude for H → γγ, and conclude that the latter is UV-scalable w.r.t. the combination
which is also admissible. Obviously, the wave-function factors of Eqs. (38)- (39) are also admissible. To be more precise, the one-loop bosonic amplitude for H → γγ is made of three different families of diagrams, shown in Figure 3 . We find that the γγWW, γγWφ and γγφφ vertices are all UV-scalable w.r.t. 2C 2 bos . Furthermore, the vertex γHWφ is UV-scalable w.r.t. C 1 bos + C 2 bos . The underlying algebra is such that the quadrilinear vertex with two γs is equivalent to the square of the trilinear vertex with one γ (to O 1/Λ 2 ) and the quadrilinear vertex with one H is equivalent (to the same order) to the product of the two trilinear vertices, with a γ and with a H. As a consequence, there is a non-trivial scaling factor which is admissible, not spoiling the UV behavior.
The fermionic amplitude for H → γγ contains a top-quark loop and a bottom-quark loop. The top contribution is UV-scalable w.r.t. the combination
The three families of diagrams contributing to the bosonic amplitude for H → γγ; W/φ denotes a W -line or a φ -line. X ± denotes a FP-ghost line while for the bottom-quark we have
One example of L -operator is given by in Figure 4 with contributions from heavy colored scalar fields [52] [53] [54] [55] . Since the additional colored scalar (weak-isospin) doublet contains also an electrically charged scalar (and two neutral scalars) it will contribute to the decay H → γγ [56] . As long as the scalars are in a representation (C , T , Y ) such thatC ⊗ C ∋ 8 there will also be a contribution to gluon fusion.
Effective theory and renormalization
There are two conceptual frameworks to discuss renormalization and effective theories. In one case we are only interested in setting up an expansion in power of E/Λ where Λ is the cutoff and E is the scale relevant for a given set of processes.
Counterterms are introduced to remove UV-divergences and, in presence of d > 4 operators, an infinite number of them is required. However, once the requested precision of the calculation is fixed only a limited number of term is needed. This is not the goal for Higgs physics where we want to search for new physics without committing to a particular extension of the SM. The effective theory should simply capture the low-energy effects of the underlying, BSM, theory and must be replaced by a new one when E is approaching Λ, where it should be discarded. Having this difference in mind we proceed in discussing renormalization.
The processes gg → H and H → γγ are special in the sense that there is no tree-level coupling and therefore the NLO (one-loop) amplitude is UV finite. This is not the case for other processes, i.e. H → bb etc. In general we will have
where {p 0 } is the set of bare parameters (masses and couplings), {a AC } a set of effective parameters; furthermore A LO (A NLO ) is the LO(NLO) SM amplitude. Since A NLO contains UV divergences we introduce counterterms
where p ren is the renormalized parameter and δ Z p contains counterterms. If A ′ denotes the derivative of the amplitude w.r.t. parameters we obtain
The combination A
is now UV finite. Note that we have replaced p 0 → p ren in A AC because in the full theory A AC is of the same order of A NLO , i.e. renormalization of a AC can only be discussed in the context of the full theory. In a sense, the a AC parameters are already the renormalized ones.
There is a final step in the procedure, finite renormalization, where we have to relate renormalized parameters to physical quantities (e.g. e 2 = g 2ŝ2 θ = α/(4 π)),
This substitution induces another shift in the amplitude
with p ren = p exp in both A NLO and A AC . This set of replacements completely defines our renormalization procedure. A subtle point is the following: in the process H → γγ we have a bosonic component of A LO and a fermionic one and both are UV finite. Therefore, as long as all tree-vertices in the bosonic part are scaled with the same factor, we would like to have
LO implies one-loop diagrams where the splitting bosonic-fermionic has a meaning. Once we try to go to NLO (i.e. two-loops) the splitting is not definable and renormalization is requested, i.e. one has to insert counterterms in the one-loop diagrams. Clearly, an arbitrary scaling of the two LO components kills twoloop UV finiteness (at least in the electroweak sector). The two-loop electroweak corrections to H → γγ are −1.65% at M H = 125 GeV [57] , therefore neglecting them is tolerable but the internal inconsistency remains. The effect on gg → H is larger, O (5%).
To conclude this section we compare the BSM scenario with heavy degrees of freedom and the SM one in the limit of infinitely massless top-quark. In this case we have a coupling Hgg of the form
where λ SM has inverse mass dimension. The important point is that λ SM is computed by matching the effective theory to the full SM [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . Even more important is the fact that λ SM in the effective theory is the renormalized one, with its renormalization constant computed to all orders [70] . Therefore, the logical steps are: first renormalization in the full theory, then construction of the effective one.
To be more precise we consider a theory with both light and heavy particles; the Lagrangian is L (m) where m is the mass of the heavy degree of freedom. Next, we introduce the corresponding L eff , the effective theory valid up to a scale Λ = m. We renormalize the two theories, say in the MS -scheme (taking care that loop-integration and heavy limit are operations that do not commute), and impose matching conditions among renormalized "light" 1PI Green's functions
For the case where the full theory is the SM and m = M H the whole procedure has been developed in Ref. [71] .
Higgs vertices
We are now in the position of writing the complete expression for vertices. There are different level of implementation and accuracy. We start with LO-inspired accuracy where the SM vertices are at LO and the tensor structure of the vertices is the same as the LO SM one but every coefficient coming from the effective Lagrangian is kept. Next we go to LO-improved accuracy where extra tensor structures from the effective Lagrangian is included. Finally there is an NLO-inspired accuracy where the SM components are at NLO but contributions from d = 6 operators are included only under the constraint that they do not spoil UV-finiteness. With the introduction of the following tensors we obtain
Similarly for f = b we have
Z couplings
The Zff vertex can be parametrized as follows:
where I 3f is the third component of isospin and Q l = −1, Q ν = 0, Q u = 2/3 and Q d = −1/3. The anomalous part reads as follows;
Partial decay widths
In this Section we compute the partial decay widths of the Higgs boson for the most relevant channels: first we introduces the dimensionless coupling
which parametrizes deviations from the SM results. Furthermore, we introduce new couplings
and express all amplitudes in terms of a SM-component (eventually scaled by the effect of d = 6 operators) and by a contact component, as shown in Figure 5 . We introduce an auxiliary coefficient, We will now show results for various decay processes.
• H → γγ For H → γγ the SM amplitude reads
where
etc. The C 0 function is given by
where x = 4 (m 2 − i 0)/M 2 . Note that there is no need to split the result for this C 0 -function into the two regions x > 1 and x ≤ 1 since the i 0 prescription uniquely defines the analytic continuation. We find
where the scaling factors are given by
for the W -loop and
for the quark loops. The amplitude is the sum of the W, t and b SM components, each scaled by some combination of Wilson coefficients, and of a contact term. The latter is O (g 6 ) while the rest of the corrections is O α π g 6 ) . However, one should remember that O i V are operators of L -type, i.e. they arise from loop correction in the complete theory. Therefore, the corresponding coefficients are expected to be very small although this is only an argument about naturalness without a specific quantitative counterpart (a part from a 1/(16 π 2 ) factor from loop integration).
The result for H → gg follows straightforwardly.
• H → gg
The result for H → gg is straightforward. Including also the b -loop we obtain
where the scaling of the quark components is given by
• H → bb
For the H → bb amplitude we have to examine again if the are UV-scalable diagrams. In this case there is a tree-level amplitude, and renormalization is required. At NLO there are two type of diagrams, the abelian ones involving the Hff vertex and the non-abelian ones involving a HVV (HVφ, Hφφ) vertex. Therefore we have to search for the unique combination that multiply all the vertices, which is
The SM amplitude reads as follows:
The expression for F SM H→b b
can be found in Section 5.9.4 of Ref. [24] . Renormalization and QCD corrections are discussed in Section (11.2−11.4) of Ref. [24] . The complete amplitude for H → bb is
In the SM, NLO corrections to the amplitude include a QED part so that, technically speaking, the process is H → bb(γ), i.e. real corrections are added. There is also a contribution from the d = 6 operators
which, however, is not infrared divergent and will not be included.
In this Section we have considered partial decay widths of the SM Higgs boson; in the SM, the common belief is that (for a light Higgs boson) the product of on-shell production cross-section (say in gluon-gluon fusion) and branching ratios (zero-width approximation or ZWA) reproduces the correct result to great accuracy. The work of Ref. [72] shows the inadequacy of ZWA for a light Higgs boson signal at the level of 5%. Therefore, one should always implement the results of this Section within a consistent off-shell formulation of the problem.
gg → H
In ZWA the inclusive cross section for the production of the SM Higgs boson in hadronic collisions can be written as
where √ s is the center-of-mass energy and µ F and µ R stand for factorization and renormalization scales. In Eq.(103) the partonic cross section for the sub-process i j → H + X , with i( j) = g, q, q, has been convoluted with the parton densities f a/h b for the colliding hadrons h 1 and h 2 . The Born factor σ (0) reads
where G F is the Fermi-coupling constant; the amplitude is generalized to
where the last term is induced by the operator O g , and where the scaling factors are
Since M 
with a scale-independent LO contribution given by
The NLO QCD coefficients have been computed in Ref. [73] , keeping the exact M t and M b dependence. NNLO results have been derived in Ref. [74] in the large M t limit (see Ref. [75] for the NLO case); analytical expressions can be found in Ref. [64] . The accuracy of these fixed-order computations has been improved with soft-gluon resummed calculations [76] [77] [78] . QCD corrections cannot be implemented in the additive part of Eq. (105) . To do that one needs a model for O g , as done in Section 2 of Ref. [54] where the SM is extended to included colored scalars, so that one has
where fermions and scalars transform according to some
, as long asC ⊗ C ∋ 8. Complete QCD corrections for fermion and scalar amplitudes have been computed in Ref. [54] .
Simplified scenario
If we restrict the scenario to bosonic T -operators only (a K , a 1, 3 K and a ∂ K ) the scaling factors are:
The contact terms are all zero but
In this case it is not possible to differentiate bosonic loops from quark loops.
BSM Lagrangians
By BSM Lagrangians we mean those Lagrangians containing new, heavy degrees of freedom that can produce d = 6 operators when the heavy particles are integrated out. One of the most important questions is about the sign of the Wilson coefficients a i in Eq. (15), i.e. to find the set of coefficients such that
Before entering the discussion on BSM Lagrangian we recall few, well-know, facts about tree-level custodial symmetry. The SM Higgs potential is invariant under SO(4); furthermore, SO(4) ∼ SU (2) L ⊗ SU (2) R and the Higgs VEV breaks it down to the diagonal subgroup SU (2) V . It is an approximate symmetry since the U (1) Y is a subgroup of SU (2) R and only that subgroup is gauged. Furthermore, the Yukawa interactions are only invariant under SU (2) L ⊗ U (1) Y and not under SU (2) L ⊗ SU (2) R and therefore not under the custodial subgroup. Therefore, if we require a new CP-even scalar, which is also in a custodial representation of the group, the W/Z -bosons can only couple to a singlet or a 5 -plet, as discussed in Ref. [79] . If (N L , N R ) denotes a representation of SU (2) L ⊗ SU (2) R , the usual Higgs doublet scalar is a (2 ,2), while the (3 ,3) = 1 ⊕ 3 ⊕ 5 contains the Higgs-Kibble ghosts (the 3), a real triplet (with Y = 2) and a complex triplet (with Y = 0). The Georgi -Machaceck model [80] has EWSB from both a (2 ,2) and a (3 ,3) .
To introduce the discussion on BSM Lagrangians we define the following quantity:
Assuming A 3 V = 0 and requiring that the coupling HW + W − in the decay H → γγ has the standard value, i.e. that C γ γ
we obtain the condition ∆C = 0. We now examine different models and explicitly compute the corresponding value for ∆C. At the same time we address the question of models allowing for non-standard coupling Htt in the loop for H → γγ. In general, the basis for a representation of SU (2) can be characterized [81] as a tensor field
where G are SU (2) -matrices. An irreducible representation of spin n/2 is characterized by a totally symmetric field with n indices. The hermitian conjugate ψ † i 1 ··· i n transforms according to the complex conjugate representation, ψ i 1 ··· i n and indices can be lowered using the metric tensor e i j . To define the covariant derivative we introduce
The covariant derivative is
where a = 0, . . . , 3, W • Example 1
Consider the following Lagrangian [29] :
where S is a scalar singlet and η, ξ are scalar triplets with different hypercharge, see Refs. [16, 82] . To be more precise, η can be written as a complex symmetric tensor of rank two and ξ as a traceless tensor. In our case we introduce
• Example 2
Alternatively, we could consider a Lagrangian [29]
which contains I = 0 and I = 1 new vector fields; introducing
we obtain that the scenario of Eq.(116) requires
• Example 3
A mixture of vector and scalar fields [29] , e.g.
gives
The scenario of Eq.(116) requires large values for µ VS . When we include all scalar an vector fields, Eq. (116) is satisfied by
• Example 4
In order to differentiate the bosonic amplitude from the fermionic one we need O 1,2 f . One way to introduce them is to consider an additional Lagrangian,
where χ is a doublet
which would produce a 1 f of the order of (Y χ λ χ )/M 2 χ . Finally, we examine the possibility of a non-zero F AC in Eq. (91) . This requires O V operators. One option is to include colored scalar fields [56] but we could also include a real triplet [80, 82, 83] 
with hypercharge Y = 0. The Lagrangian reads as follows
with covariant derivative D µ = ∂ µ − i g B a µ T a and
which gives the following couplings:
and produces a loop of ξ scalars in the Hγγ coupling. Additional examples of BSM Lagrangians can be found in Refs. [84, 85] and in Ref. [86] . General studies can also be found in Refs. [87, 88, 8] .
MSSM
In this paper we assume that the starting point in comparing theory with data is the SM. Another choice could be to start from the Minimal-Supersymmetric Standard Model (MSSM); in this case all the amplitudes should be replaced, e.g.
and
showing decoupling for PS. As stated in Ref. [56] there is decoupling in the theory when v = √ 2 M/g ≪ M S ; therefore, colored scalars disappear from the low energy physics as their mass increases (AppelquistCarazzone "decoupling theorem" [89] ). However, the same is not true for fermions, as shown in Eq.(149). We repeat here the argument of Ref. [90] : for a given amplitude involving a massive degree of freedom (with mass m), in the limit m → ∞ we will distinguish decoupling A ∼ 1/m 2 (or more), screening A → constant (or ln m 2 ) and enhancement A ∼ m 2 (or more). Any Feynman diagram contributing to the process has dimension one; however, the total amplitude must be proportional to T µν = p µ 2 p ν 1 − p 1 · p 2 δ µν because of gauge invariance. For any fermion f the Yukawa coupling is proportional to m f /M W and T has dimension two; therefore, the asymptotic behavior of any diagram must be proportional to T /m f when m f → ∞. The part of the diagram, which is not proportional to T , will cancel in the total because of gauge invariance (all higher powers of m f will go away and this explains the presence of huge cancellations in the total amplitude). At LO there is only one Yukawa coupling as in NLO(NNLO) QCD where one add only gluon lines, so there is screening.
It is worth noting, once again, that electroweak NLO corrections change the scenario: there are diagrams with three Yukawa couplings, therefore giving the net m 2 f behavior predicted in [91] , so there is enhancement and, at two-loop level, it goes at most with m 2 f . At the moment, the NLO electroweak corrections for heavy scalar are missing and no conclusion can be drawn on decoupling at NLO.
In conclusion the decoupling theorem [89] holds in theories where masses and couplings are independent. In all theories where masses are generated by spontaneous symmetry breaking the theorem does not hold in general. Another typical example is given by the inclusion of a Higgs triplet: if the triplet develops a vacuum expectation value v ξ (v η ) then the ρ -parameter deviates from unity at the tree-level [92, 93] with
We will not discuss details of renormalization but one should always remember that whenever ρ = 1 at tree-level quadratic power-like contribution to ∆ρ are absorbed by renormalization of the new parameters of the model and ρ is not a measure of the custodial symmetry breaking [94] . Alternatively we could impose custodial symmetry, v ξ = v η , in a model with both triplets; an example is found in Ref. [80] containing SU (2) L ⊗ SU (2) R multiplets. As far as the triplet contribution to H → γγ is concerned it is also known [94] that decoupling occurs only for special values of the mixing angles in the triplet sector.
An important tool in studying decoupling of heavy degrees of freedom is given by the m-theorem, proved in Ref. [95] : the theorem gives sufficient conditions for a loop integral to vanish in the large m -limit. For the one-loop case it concerns
P(q) is a monomial in the components of q, {p} are the external momenta and α is an arbitrary real number. Let ω be the IR degree of I at zero external momenta; we define
If I is both UV and IR convergent and d < Ω then I → 0 when m → ∞.
In conclusion one should say that BSM Lagrangians can be also classified according to decoupling. Thus the strategy can be summarized as follows: first, fix benchmark models to parametrize deviations from the SM, then search for benchmark models ∈ d = 6 operators ∈ {L dec } ∈ {L non-dec }
Mixing
There is one assumption in Eq. (15) and in its interpretation in terms of ultraviolet completions: the absence of mass mixing of the new heavy scalars with the SM Higgs doublet. Presence of mixings changes the scenario; consider for instance a model with two doublets and Y = 1/2 (THDM), φ 1 and φ 2 . These doublets are first rotated, with an angle β , to the Georgi-Higgs basis and successively a mixing-angle α diagonalizes the mass matrix for the CP-even states, h and H. The SM-like Higgs boson is denoted by h while the VEV of H is zero. The couplings of h to SM particles are almost the same of a SM Higgs boson with the same mass (at LO) only if we assume sin (β − α) = 1. Therefore, interpreting large deviations in the couplings within a THDM should be done only after relaxing this assumption.
The case of triplet-like scalars is evem more complex; in the simplest case of a triplet with Y = 1 there are four mixing angles, all of them entering the coefficients of
in the amplitude for h → γγ (where S = H + , H ++ ) and giving the couplings hH + H − and hH ++ H −− , where h is the SM-like Higgs boson. Only in a very special case, requiring also zero VEV for the triplet, these couplings assume the simplified form
where v is the SM Higgs VEV. Furthermore, decoupling of the charged Higgs partners depends on the mixing angles and it is the exception not the rule.
Decays into 4 -fermions
With a light Higgs boson the decay H → VV is not open, and one should consider the full H → 4 f channel. In order to understand how the calculation can be organized we start with H → ZZ where both Zs are real and on-shell.
• H → ZZ The SM amplitude is
We introduce auxiliary coefficients
The full amplitude reads as follows
Following the same strategy we consider the case M H < 2 M Z . The process to consider is then
• H → Zff which means H → ZZ * → Zff. If we work at LO and only include local operators proportional to the tree-level HZZ coupling, then the SM amplitude is multiplied by a factor
where the correction w.r.t. the SM is given by
Therefore we can use (at LO), the SM result and write
where the SM partial width is
F is the three-body decay phase-space integral,
Note that this result cannot be extended beyond LO.
• H → Wff
′
Similarly to the previous case we have a correction factor
and the partial decay width can we written as follows:
Taking the ratio we obtain
where the correction factor is
• H → ZZ → fff ′ f ′ However, if we want to deal with the whole process without approximations the final state is 4 -fermions (say eeµµ) and the SM amplitude has also non-factorizable contributions (e.g. pentagons).
where J is the fermionic current
Furthermore, ∆ µν (p) is the Z propagator and M nfc collects all diagrams that are not doubly (Z) resonant. The question is: can we extract informations on
or deviations from the two SM structures from the decay H → 4 f? The form of the Z propagator depends on the choice of gauge but, as long as the fermion current is conserved all differences are irrelevant. With the polarization vectors of Appendix B one obtains
and we can safely replace the δ µν in the propagator with a sum over polarizations, even for off-shell Zs. Using Eq.(174) we replace
We introduce the following matrices
where i, j = −1, 0, +1 and p = q + k. We obtain
where M is the matrix element comprising all factorizable contributions, not only the SM ones. A iiii gives informations on H decaying into two Z of the same helicity (0, 0 etc.), A i ji j on mixed helicities (0, 1 etc.) while the third term gives the interference. Therefore
are good candidates to define pseudo-observables. The final step is achieved through the realization that pseudo-observables are defined in one-point of phase-space and the choice must respect gauge invariance [96] . The amplitude in Eq.(179) has the general structure
where N denotes the remainder of the double expansion around s 1,2 = s Z , s = −(p 1 + p 2 ) 2 and
s H , s Z being the H, Z complex poles. Therefore, we define pseudo-observables
with similar definitions for Γ i j . Since the problem is extracting pseudo-observables, analytic continuation is performed only after integration over all variables but s 1 , s 2 . Nevertheless, if one wants to introduce cuts on differential distributions alternative algorithms must be introduced, see Ref. [97] . The matrices D, E are given by:
where we have introduced
The elements of the D -matrix are given by 
and similarly for D i j (p 2 ). The result of Eq.(179) does not include non-factorizable diagrams. To include them we will follow the work of Ref. [98] where standard matrix elements (SME) are introduced (see Eq. (3.1) and Eq. (3.2) of Ref. [98] ); they are made of products of
with σ = ±1 and i = 1, 2. For example one has
etc. The non-factorizable amplitude becomes a sum
where the F are Lorentz invariant form-factors computed up to NLO but excluding those that are double resonant; the full answer follows by adding this amplitude to M fc . Note that
The SM result iw well-known, given
we derive
with a critical mass T
Anomalous couplings violates perturbative unitarity. However, one has to be careful in formulating the problem: the region of interest is
When s approaches Λ 2 the effective theory must be replaced by the complete renormalizable, unitary Lagrangian and it makes no sense to study the limit s → ∞ in the effective theory (for a discussion see Ref. [100] ). To summarize, anomalous vertices with ad hoc (scale-dependent) form-factors are frequently used but one should remember that they cannot be put down to an effective Lagrangian. However, it is well known that heavy degrees of freedom may induce effects of delayed unitatity cancellation in the intermediate region and these effects could easily be detectable [101] . Without using the equivalence theorem, we compute 
As expected the SM part contributes to the constant part while the part proportional to g 6 has positive powers of s (up to power two). The leading behavior is controlled by the O 3 V operator.
Conclusions
We have described possible deviations from the Standard Model parametrized in terms of effective d = 6 operators made of Higgs, gauge and fermion fields, without making the hypothesis that the new physics shows up in the Higgs sector. Furthermore, we allow effective operators generated at tree level and by loops of heavy particles.
In this paper we have discussed the implementation of effective Lagrangians with emphasis on renormalization. Examples of Lagrangians producing the d = 6 operators have been shown and we have discussed both the decoupling and the non-decoupling scenarios. In agreement with the work of Ref. [100] we have been following the effective field theory approach which is cleaner than that of anomalous couplings. An effective field theory is the low-energy approximation (E ≪ Λ) to the new physics and it is only useful up to E ≈ Λ: above Λ it should be replaced by a new effective theory, parametrizing the low-energy effects at a yet higher scale.
Effective theories should not be considered beyond their UV cutoff, although this is often done in the literature with the introduction of methods for unitarizing the model, e.g. form-factors are introduced; this requires specific assumptions and cannot be formulated in terms of an effective Lagrangian.
There are many scenarios, e.g. an interesting one (see Ref. [87] ) has no new charged fermions and only new bosons. This would unambiguously rule out a large class of BSM theories. There are also scenarios with new physics which will be extremely difficult to distinguish from minimal SM, e.g. see Ref. [104] . However, the analysis of all possible options should not be done hiding uncertainties or the bias from discovering using the minimum p -value. Opportunities for precision measurements and BSM sensitivity have been recently described in Ref. [105] and in Ref. [106] .
One final comment is needed: the strategy described in the Introduction amounts to search for deviations around a minimum which we assume to be SM. If measured deviations will be large, we will face a problem of interpretation: indeed, consider the ratio
where g hVV is the tree-level coupling of the scalar resonance h to VV; if h = H, the SM Higgs boson, then R = 1. Assume that R exp turns out to be close to −1/2, this will be hard to interpret in terms of a weakly coupled theory and it becomes questionable to trust predictions from an effective Lagrangian, based on d = 6 operators, with Wilson coefficients of that size; to state it differently, d = 8 operators and insertion of d = 6 operators in SM loops are all equally important. However, some anomalous value of R exp could very well be close to another weakly coupled theory; for instance, the h 5 of the Georgi -Machaceck model [80] has R = −1/2. Starting from the new weakly-coupled Lagrangian will allow us to trust the prediction. Of course, one would like to be as model-independent as possible without repeating the fit for many different starting points; however, there are only very few representations of SU (2) L ⊗ SU (2) R that respect custodial symmetry, and they should be included in a more comprehensive analysis. A recent note by ATLAS Collaboration [107] , using data taken in 2011 and 2012, reports that, within the current statistical uncertainties, no significant deviations from the Standard Model couplings are observed.
Using P → p 1 + p2 2 → q 1 + k 1 + q 2 + k 2 we define
where we allow for an off-shell Higgs boson, P 2 = −s H . We derive 
